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ABSTRACT 

Over the past 14 years, the Hawaii handline fishery has experienced phenomenal growth in the catch 
for large yellowfin tuna. Thunnua olbacare8, and bigeye tuna, Thunnrrs obcsus. These fish are 
primarily caught for the sashimi (raw consumption) market but have been continually plagued with 
a product quality problem known M *burnt tuna” or, in Japanese, yake niku. Not only does this 
problem significantly reduce the value of the catch, it also limits export markets and expansion of this 
lowsapital, high-return fishery to other of the Pacific. Reviour research and suggestions for 
mitigating burnt tuna have centered on the hypothesis that i t  is c a d  by high muscle temperature 
and low pH. which is the result of a violent struggle during capture. 

A new, more comprehensive hypothesis is presented: Burnt tuna is actually caused by the post- 
mortem activation ofenzymes known as calcium-activated proteases and by the enhancement of the 
effect of these enzymes by high blood catecholamine levels. Previously unexplainable observations, 
such as the propensity of female fish to become burnt more oflen during the summer months, the 
eFTcacy of brain destruction in preventing burnt tuna, and the lack of effect of eooling on the incidence 
of burnt tuna, are explainable in light of this new hypothesis. 

One of the largest fisheries in Hawaii is the hand- 
line fishery for large (>50 kg) yellowfin tuna, 
Thunnus albacares. and bigeye tuna, T. obesus, 
caught primarily for raw consumption as sashimi. 
Yearly landings increased from 89 short tons (ex- 
vessel value, $131,000) in 1973 to 615 short tons 
(ex-vessel value, $2.1 million) in 1984 (Yuen 
1979; Hudgins and Pooley 1987). The total eco- 
nomic value of the fishery has been estimated as 
high as $5 million yearly (Ikehara4). In Hawaii, 
the night handline fishery is known as ika shibi 
from the Japanese words for squid and tuna, and 
the daytime fishery is known as palu ahi from the 
Hawaiian words for chum and yellowfin tuna. 
There is also growing international interest in 
this type of fishing because of its low initial capi- 
tal investment, low operating and fixed expenses, 
strong export markets, and high profitability 
(Strong 1979; Gibson 1981; Jerrett 1984). Boats 
can be as small as 6 m and require only one- or 
two-man crew. Catch rates in Hawaii have 
ranged from two fish per hook per night (Yuen 
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1979) to one-half fish per hook per night 
(Bourke5), illustrating the profitability for the in- 
dividual fisherman. 

Unfortunately, handline (as well as primarily 
recreational trolling) fishermen are plagued by a 
product quality problem known as “burnt tuna” 
or, in Japanese, as yake niku (literally translated 
as“cooked meat”). When fish are intended for raw 
consumption, product quality is of utmost impor- 
tance. Prime quality tuna flesh should be red, 
translucent, and firm and have a delicate flavor. 
Burnt tuna is pale, exudes a clear fluid, and has 
a soft texture and a slightly sour taste. Although 
perfectly palatable when cooked or canned, burnt 
tuna is considered unsuitable for raw consump 
tion and commands only a fraction of the price of 
prime quality fish. Fish are usually exported 
whole to preserve freshness, so burnt tuna often is 
not detected until shipping costs have been in- 
curred. This discourages exports of tuna caught 
from areas or via fishing techniques with high 
incidences of the problem. 

Burnt tuna affects from 5 to 100% of the tissue 
from a n  individual fish and ranges from mild to 
severe. Approximately 25% of the fish caught by 
the Hawaii handline fishery are burnt, as are 
50% of the large yellowfin tuna caught by com- 
mercial and recreational trollers (Bourke fn. 5). 

SBourke, R. E. 1985 Hilo ikashibi fishery 1984 survey. 
Problems of a matunng fishery and a potential solution to the 
burnt tuna problem. Poster presentation at 1985 Tuna Confer- 
ence. 

367 Manwcnpt accepted January 1988 
FISHERY BULLE71N VOL 86. NO 2.1988 



FISHERY BULLETIN VOL 86. NO 2 

ducing muscle temperatures significantly above 
ambient (Carey et al. 1971; Carey 1973) and ex- 
hibit some of the highest rates of muscle glycoly- 
sis (production of muscle lactate and concomitant 
production of acidity) observed in nature 
(Hochachka et  al. 1978; Hochachka and Momm- 
sen 1983). Yet some observations do not fit this 
hypothesis. For example, burnt tuna occurs more 
frequently in summer, more frequently in female 
fish, and more frequently in fish fought for short 
periods of time than in fish fought for long periods 
(>7 minutes or <2 hours) (Davie and Sparksman 
1986; Nakamura7). Furthermore, burnt tuna oc- 
curs rarely in longline-caught fish and in fish 
subjected to brain or spinal column destruction 
immediately following capture (Nakamura et  al. 
1977; [Suisan Sekail 1977; Cramer et al. 1981; 
Davie and Sparksman 1986; Nakamura fn. 7). 
The hypothesis that burnt tuna is caused by high 
muscle temperature and low muscle pH does not 
seem to directly fit with any of these observa- 
tions. 

Annual losses to the handline fishery are an esti- 
mated 168 of the value of the total catch (Cramer 
et  al. 1981). The problem has also been reported 
in fish intended for raw consumption caught by 
purse seine (Nakamura et al. 1977). Surprisingly, 
the problem rarely occurs in fish caught by 
longlining (Williams 1986). 

PAST RESEARCH ON BURNT TUNA 

The Japanese were the first to investigate the 
causes of burnt tuna and possible mitigating 
strategies (Itokawa 1968, 1969). The first con- 
trolled laboratory investigations were those of 
Nakamura et al. (1977) and Konagaya and Kona- 
gaya (1978, 1979). Nakamura et al. (1977) con- 
cluded that  high muscle temperature and low 
muscle pH caused myofibrillar protein denatura- 
tion and also noticed that, once denaturation 
began, it continued even if the tissue was kept a t  
0°C. Because of the relatively high thermostabil- 
ity of tuna myofibrillar protein and because yake 
niku occurs in species (e.g., frigate mackerel and 
sardine) that  do not generate high muscle tem- 
peratures during struggling, Konagaya and Kon- 
agaya (1978) concluded that acid denaturation of 
myofibrillar proteins at moderate temperatures 
was the underlying cause. 

Cramer et al. (1981) studied handline-caught 
yellowfin tuna in Hawaii and found that the oc- 
currence of burnt tuna did not correlate with 
muscle temperature at time of landing and corre- 
lated only loosely with extracellular muscle pH. 
Ikehara6 conducted an engineering study to de- 
velop methods to cool large yellowfin tuna more 
rapidly, the presumption being that rapid cooling 
would prevent muscle degradation. Although suc- 
cessful in developing a technique to increase cool- 
ing of deep muscle temperature, as shown in Fig- 
ure 1, there was no apparent correlation between 
rate of cooling and incidence of burnt flesh. In 
spite of this lack of directly observed correlation, 
some publications designed for fishermen still 
stress that high muscle temperatures and low 
muscle pH are the prime causes of burnt tuna 
(Gibson 1981). Others have expressed doubt as to 
the validity of this hypothesis (Jerrett 1984). 

The high muscle temperature-low pH hypothe- 
sis appears to fit with what is known about tuna 
physiology, in that  these fishes are capable of pro- 

6Ikehara. w. N. 1981. Development o f a  small-boat chill- 
ing system for the reduction of burnt tuna. Final Report for a 
Pacific Tuna Development Foundation contract, var. pag. 
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A NEW ANALYSIS OF THE BURNT 
TUNA PROBLEM 

At the biochemical level, the high muscle 
temperature-low pH hypothesis would predict 
that  the observed drop in extracellular pH would 
be accompanied by a similar drop in intracellular 
pH and activation of lysosomal proteases. These 
proteases would then degrade actin and myosin, 
the dominant muscular proteins, resulting in the 

7R. Nakamura. Department of Animal Sciences. University of 
Hawaii, Honolulu, HI 96822, pers. cummun. Odober 1987. 

f 10.04 Yl.n ' (W.1) a 9.0 
ao 
7.0 : : : : : : : : : :  

0 1 2  3 4 5 6 7 8 0 1 0 1 1  

WSED nu€ (h) 

RCURE 1.-Data are from Ikehara (text fn. 6). Initial and final 
deep muscle temperatures are plotted on semilogarithmic axes 
to linearize the rate of temperature change. Numbers in paren- 
theses are the body weight (kg) for each fish. 
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undesirable changes seen in burnt tuna. The lyso- 
somal proteases, specifically cathepsins B, D, and 
L, have an optimum pH of about 5 (Dahlmann et 
al. 1984). However, recent work by Abe et al. 
(1985,1986) has shown that, intracellularly, tuna 
muscle is well buffered and that a fall in extracel- 
lular pH is not necessarily accompanied by an 
equivalent fall in intracellular pH. Using is- 
chemic rat gastrocnemius muscle, Hagberg 
(1985) found that a 1 pH unit drop (7.30-6.36) in 
extracellular pH was accompanied by a drop in 
intracellular pH of only 0.4 unit (7.00-6.60). 
Thus, the acidic intracellular environment that 
would favor the action of the lysosomal proteases 
probably is not present in burnt tuna. Also, with 
the exception of calcium-activated neutral 
protease, all other muscle proteases (cathepsins 
B, D, L; alkaline serine protease; neutral trypsin- 
like protease; and alkaline cysteinyl protease) de- 
grade myosin (Dahlmann et al. 1984). Yet 
Hochachka and Brill (1987) found burnt muscle 
had no increase in 3-methyl-histidine, a specific 
marker for myosin breakdown. Decomposition of 
other myofibrillar proteins is, therefore, impli- 
cated. 

Electronmicrographs of postmortem burnt tuna 
muscle (Davie and Sparksman 1986) showed a 
consistent, rapid disintegration of Zdiscs and ir- 
regularities in the sarcoplasmic reticulum (SR). 
The changes in burnt muscle were not different in 
kind from postmortem changes seen in unburnt 
tissue, but were a result of a significant increase 
in the rate of disintegration. Selected destruction 
of the Z-discs, troponin and tropomyosin, and the 
SR is characteristic of a pair of proteases known 
as calcium-activated neutral proteases (CANPs) 
(Sugita et al. 1984; Suzuki et al. 1984). These 
proteases are cytoplasmic, ubiquitous, activated 
by increased intracellular calcium levels, and ac- 
tive a t  pH 5.5-8.0 (Sakamoto and Seki 1985; 
Koohmaraie et al. 1986; Seki and Kimura 1986; 
Zeece et al. 1986b). The intracellular pH most 
likely found in burnt tuna muscle is, therefore, 
more consistent with CANP action than with 
lysosomal proteases whose activity requires a pH 
closer to 4.5 (Hochachka and Brill 1987). In addi- 
tion, while cathepsin D s  activity is greatly re- 
stricted a t  WC, CANP is still active a t  5°C 
(Koohmaraie et al. 1986; Zeece et al. 1986a). 

A new etiology of burnt tuna proposed by 
Hochachka and Brill (1987) is summarized in Fig- 
ure 2. Their hypothesis predicts that low intracel- 
lular ATP concentrations lead to the leaking of 
Ca++ into the cell and increases in intracellular 

l”Y MUSCLE AcTMlY 

I 
1 
1 
.1 
5 

U C K  OF 02 + ATP 

MfTABOUC COLW‘SE OF MEMBRANE 

RISE IN I H T R A C a C U u R  CALCIUM 

AcTNAnoN OF WP 

UNDESIRABLE MUSCLE TDrmRE 

FIGURE P.-Biochemieal reac- 
tion~ involved in the development 
of burnt tuna a.~  propod by 
HochachLa and Brill (1987). 

Ca++ concentrations. These increases, in turn, ac- 
tivate CANP, which specifically attacks troponin, 
tropomyosin, SR, and mitochondria. The break- 
down of the latter two intracellular organelles 
releases more calcium into the cytoplasm, thus 
further increasing the activity of CANP. 

The effect of brain and spinal cord destruction 
on reducing the incidence of burnt tuna and of 
similar muscle degradation seen in other fish spe- 
cies can be explained by this new hypothesis, 
which assumes the initial drop in ATP is the root 
cause of the elevated intracellular calcium 
(Amano et al. 1953; Fujimaki and Kojo 1953; 
Konagaya and Konagaya 1978; Ikehara fn. 6). 
Brain destruction maintains elevated muscle 
ATP levels after capture (Boyd et al. 1984). Data 
recently collected on the use of brain and spinal 
cord destruction in large yellowfin tuna (Fig. 3) 
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FIGURE 3.-Incidence of burnt tuna occurring in large yellowfin 
tuna caught by 14 mmmercial handline fishermen operating 
out of Hilo. HI. January-September 1984, and by 1 fisherman 
who began using brain destruction in May. His incidence of fish 
becoming burnt dropped dramatically in spite of the normal 
summer increased incidence seen in the catch of 14 other fisher- 
men. 
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from their potentiating effect on the action of 
CANP. Catecholamines cause the phosphoryla- 
tion of troponin, resulting in a more rapid and 
prolonged proteolysis of this muscle structure 
(Toyo-oka 1982); in other words, high circulating 
levels of catecholamines greatly increase the ef- 
fectiveness of the enzymes responsible for a tuna 
becoming burnt.8 

The gills are the organ primarily responsible 
for the degradation of catecholamines, and circu- 
lating catecholamines are rapidly cleared from 
the blood (Nekvasil and Olson 1986). We estimate 
circulating catecholamines in tuna have a half- 
life of 30 minutes or less. Therefore, we hypothe- 
size that, in a longlinecaught fish remaining in 
the water for several hours after hooking (Davie 
and Sparksman 1986), plasma catecholamines 
are reduced to low levels before the fish is landed 
and killed, thus resulting in a low percentage of 
burnt fish. Similarly, fish caught by rod and reel 
or by handline and fought for several hours would 
have the low circulating catecholamine levels and 
low propensity to become burnt. Indeed, Gibson 
(1981) recommends that handlinetaught fish be 
attached to a buoy and left for a n  hour prior to 
being brought on board and killed, as a measure 
to prevent burnt tuna. That this technique pre- 
sumably lowers blood catecholamine levels prior 
to death could explain its efficacy. On the other 
hand, we hypothesize that a fish landed during 
the peak of its blood catecholamine concentra- 
tions would have the greatest propensity for be- 
coming burnt. This indeed appears to be the case. 

The mechanism that  ties catecholamines to the 
observed seasonality and increased number of fe- 
male fish becoming burnt lies in the biochemical 
structural similarity of catecholamines and re- 
productive steroids, particularly estrogen. These 
steroids reach a peak during spawning season, 
which is May through October for yellowfin tuna 
in Hawaii (June 1960). A corresponding increase 
occurs in  the percentage of the tuia catch that 
becomes burnt during this aeaaon (Fig. 3). In the 
presence of tyrosine hydroxylase. estrogen is con- 
verted to catecholestrogen and consequently com- 
petes for the same degradative enzymes in the 
gills, therefore slowing the clearance of cate- 
cholamines from the blood (Nekvasil and Olson 
1986). Female fish, with high circulating estro- 
gen levels, would then be expected either to reach 

clearly show the effectiveness of this technique in 
preventing burnt tuna. A drop from 30 to <lo% of 
the tuna becoming burnt was noted when the 
fisherman changed his killing technique from 
shooting to the use of a brain spike. 

A MORE COMPREHENSIVE 
HYPOTHESIS ON THE ETIOLOGY 

OF BURNT TUNA 

The hypothesis presented by Hochachka and 
Brill (1987) does not explain all the observed fac- 
tors leading to tunas' different propensity to be- 
come burnt. It cannot explain why tunas strug- 
gling for <7 minutes rarely become burnt 
(Nakamura fn. 7), nor can it account for the obser- 
vations of Davie and Sparksman (1986) and 
Bourke (unpubl. data), who found that tuna 
struggling for extended (>1 hour) periods of time 
have a lower probability of becoming burnt. It 
also cannot explain why female fish become burnt 
more often than males (Nakamura et al. 1977), or 
why fish caught in summer become burnt more 
often (Fig. 3). 

Our revised hypothesis is presented in Figure 
4. We have incorporated into the Hochachka and 
Brill (1987) hypothesis, the action of the neuro- 
transmitters-hormones norepinephrine (NE) and 
epinephrine (E) (collectively referred to as cate- 
cholamines). Periods of intense physical activity 
or capture stress increase the levels of circulating 
catecholamines by about 10-200 times in fish 
other than tunas (Nakano and Tomlinson 1967; 
Ling and Wells 1985). Most likely a similar situa- 
tion occurs in tuna during hooking, fighting, and 
capture. The importance of elevated circulating 
catecholamines in this particular schema comes 
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EAlthough cortisol is also known to be rekased during strrss. 
ita mechanism of action is much slower than NE or E. making 
it unlikely that it could exert catabolic effects within 15 min- 
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higher maximum circulating catecholamine lev- 
els or to maintain high levels for longer periods, 
thus explaining the greater number of female fish 
that become burnt and the seasonality of the oc- 
currence of burnt tuna. 

As pointed out by Davie and Sparksman (1986) 
and Hochachka and Brill (1987), burnt tuna is a 
quantitative change in tissue decomposition, not 
a qualitative one. High blood catecholamine lev- 
els a t  the time of death act as accelerators in this 
inevitable metabolic cascade. However, because 
we are dealing with a change in rate, the action of 
catalysts can make all the difference as to 
whether or not a fish becomes burnt due to CANP. 

FUTURE RESEARCH 

Under normal conditions, CANP is inhibited by 
calpastatins. This class of proteins is distinct from 
the other cysteine protease inhibitors, the cys- 
tatins. Although the cystatins can inhibit cathep- 
sins B and H, they are unable to alter CANP 
activity. Conversely, calpastatin is only effective 
against calcium-activated neutral protease (Bar- 
rett et al. 1986; Parkes 1986). Unfortunately, al- 
most nothing else is known about the relationship 
of CANP to its endogenous inhibitor, either struc- 
turally or physiologically. Certainly investiga- 
tions into the role of calpastatin would prove 
valuable for this research. 

Immediate future research will concentrate on 
tracking the specific action of CANP in burnt 
tuna and attempting to stop this action with Ca+ + 

chelating agents such as EGTA (ethyleneglycol- 
bis4aminoethyl ether)-N,N,N',N'-tetraacetic 
acid) or by use of its intracellular inhibitor, cal- 
pastatin. Also, blood catecholamine levels of 
stressed and unstressed fish will be measured, 
along with metabolic clearance rates of nore- 
pinephrine and epinephrine. 

#en viewed as a process of metabolic deregu- 
lation of CANP, the rapid deterioration of tuna 
muscle ceases to be an isolated muscular phe- 
nomenon. The Zdisc disintegration characteris- 
tic of burnt tuna is also present in cardiac muscle 
injury due to ischemia and muscular dystrophy 
(Sugita et al. 1984). Given the highly conserved 
nature of muscle tissue, an understanding of 
burnt tuna may also provide insights into the 
metabolic processes of human disease. 

ACKNOWLEDGMENTS 

This research was supported by a grant to 

Pacific Gamefish Research Foundation from the 
Department of Land and Natural Resources, Di- 
vision of Aquatic Resources, State of Hawaii. 

LITERATURE CITED 
ABE. H.. R. W. BRILL. AND P. w .  HOCHACHKA. 

1986. Metabolism of Lhistidine. carnosine. and anserine 
in skipjack tuna. Physiol. Zoo]. 59439-450. 

ABE. H.. G. P. DOBSON. U. HOEGER AND W. s. PARKHOUSE. 
1985. Role of histidine-related compounds to intracellulsr 

buffering in fish skeletal muscle. Am. J. Physiol. 
249R44SR454. 

AMANO, K.. M. B m .  AND T. KAWABATA. 
1953. Handling effect upon biochemical change in the fish 

muscle immediately after catch-I. Difference of gly- 
colysis in the frigate mackerel killed by various meth- 
ods. Bull. Jpn. Soe. Sci. Fish. 19487-498. 

BARRETT. A J.. N. D. RAWLINGS M. E. DAVIES. W. MACHLEIDT. 

1986. Cysteine proteinase inhibitors of the cystatin super- 
family. I n  A. Barrett and C. Salvesen (editors). 
Proteinase inhibitors. p. 515-569. Elsevier Sci. Publ. 
BV. North Holland. 

G. SALVESEN. AND v. hrruc. 

BOYD, N. S.. N. D. W I W N .  A. R JERRFIT. AND B. 1. HALL 
1984. Effects of brain destruction on post harvest muscle 

metabolism in the fish kahawai (Amp& trutta ). J. Food 
Sei. 49177-179. 

CAREY. F. C. 
1973. Fishes with warm bodies. Sci. Am. 22836-44. 

CAREY. F. C.. J .  M. "EAL J. W. KANWSHER AND K. D. L W S O N .  
1971. Warm-bodied fish. Am. 2001. 11:137-145. 

1981. 
CRAMER J.  L.. R M. NAKAMURA. A. E. DIUIN. AND W. N. IKEHARA. 

Burnt tuna: Conditions leading to rapid deteriora- 
tion in the quality of raw tuna. Mar. Fish. Rev. 
43(6):12-16. 

DAHLMANN. B . L KUEHN. AND H. REINAUER 
1984. Proteolytic enzymes and enhanced muscle protein 

breakdown. In  W. H. Horl and A. Heidland (editors), 
Proteasea. p. 505-517. Plenum F'reea. N.Y. 

DAVIE. P. S.. AND R L SPARKSMAN. 
1986. Burnt tuna: An ultrastructural study of post- 
mortem changes in muscle of yello41n tuns (Thunnw 
alboeorn) caught by rod and reel and southern bluefin 
tuna (Thunnw moeeoyii) caught on handline or long 
line. J. Food Sci. 51:1122-1128,1168. 

FUJIMAKI. M.. AND K. Karo. 
1953. Handling effect upon biochemical change in the fish 

muscle immediately after catch-11. Changes of acid- 
soluble phosphorus compounds of frigate mackerel mus- 
cle. Bull. Jpn. Soe. Sei. Fish. 19499-504. 

GIBSON. D. J .  M. 
1981. A handbook on profeasing southern bluefin tuna for 

Minist. the fresh chilled sashimi market in Japan. 
Agric. Fish., Wellington, var. pag. 

HAGBERG. H. 
1985. Intracellular pH during ischemia in skeletal mus- 

cle: Relationship to membrane potential. extracellular 
pH. tissue lactic acid and ATP. F'Iluegers Arch. 
4W342-347. 

HOCHACHKA. P. W.. AND R. W. BRILL 
In press. Autocatalytic pathways to cell death A new 

analysis of the tuna bum problem. Fish Physiol. 
Biochem. 3. 

371 



HOCHACHKA. P. W.. W. C. HULBERT. AND M. GUPPY. 
1978. The tuna power plant and furnace. In  G. D. Sharp 

and A. E. Dimn (editors), The physiological ecology of 
tunas, p. 153-174. Acad. Press. N.Y. 

HOCHACHKA. P. W.. AND T. P. MOMMSEN. 
1983. Pmtons and anaerobiosis. Science (Wash. D.C.) 
219:1391-1397. 

HUDCINS. L. L.. AND S. G. POOLEY. 
1987. Growth and contraction of domestic fisheries: 

Hawaii's tuna industry in the 1980s. In  D. J. Doulman 
(editor). Tuna issues and perspectives in the Pacific is- 
lands region, p. 225-241. East-West Center h. Hon- 
olulu. 

h 0 K A W A .  s. 
1968. On maintaining the freshness of tuna seine 

catches. Reporb of the Mie Prefecture Owose Fishery 
Experiment Station, p. 1-15. 

1969. On experiments in prevention of burnt flesh in yel- 
lowfin tuna. Rep. Mie Ref. Owase Fish. Exp. Stn. p. 
1-9. 

JERRGIT. A. R. 
1984. Detection and prevention of burning in southern 

bluefin tuna. Part A: Rarearch results and discus- 
sion. Fish Roassing Bull. 4,22 p. i app. 

JUNE, F. C. 
1960. Spawning of yellowfin tuna in Hawaiian 

waters. Fish. Bull., U.S. 54:47-64. 
KONAGAYA.~., ANDT. KONAGAYA. 

1978. Denaturation at moderate temperatures of my* 
fibrillar protein of red-meat fish A possible cause of 
yoke-niku. 

1979. Acid denaturation of myofibrillar protein as the 
main cause of formation of yoke-niku". a spontaneously 
done meat, in red meat fish. Bull. Jpn. Soc. S i .  Fish. 
45:245. 

Bull. Tdtai Fish. Res. Lab. 96:67-74. 

KOOHMARAIE. M.. J .  E. SCHOLLMEYER AND T. R DVISON. 
1986. Em& of low-caleium-muiring calcium activated 

factor on myofibrils under varying pH and temperature 
conditions. J. Food Sci. 51:28-32. 65. 

LING. N.. AND R. M. G. WELLS 
1985. Plasnu catecholamines and erythrocyte swelling 

following capture stress in a marine teleost fish. a m p .  
Biochem. Physiol. 82C231-234. 

NAKAMURA. K.. Y. hrrll. ANDs. k3HIKAWA. 
1977. Experiments on the prevention of "burning" of 

tunas-I. An examination ofawesofoccurrence. Bull. 
Tokai Reg. Fish. Res. Lab. 90:3943. (Engl. trasl .  by 
W. G. Van Campen. 1980.8 p.. Transl. No. 46 available 
Southwest Fish. Cent.. Natl. Mar. Fish. Sew., NOM,  
Honolulu, HI 968224396.) 

NAKANO. T.. AND N. TOMLINSUN. 
1967. Catecholamine and carbohydrate concentrations in 

rainbow trout (Salmo goirdncri) in relation to physical 
disturbance. J. Fish. Res. Board Can. W1701-1715. 

NEKVASIL N. P.. AND K. R. O W N .  
1986. Extraction and metabolism of circulating cate- 

Fl8HgRY BULLETIN VOL. 86. NO. 2 

cholamines by the trout gill. Am. J. Physiol. mR526- 
R531. 

PARKES. c. 
1986. Calpostatins. In  G. BarreU and A. Salvesen (edi- 
tors). Proteinase inhibitors, p. 571-587. Elsevier Sei. 
Publ. BV. North Holland. 

SAKAMOTO. s.. AND N. SEKI. 
1985. Limited hydrolysis of carp myosin by cal- 

pains. Bull. Jpn. Soc. Sci. Fish. 51:1551-1557. 
SEKI. N.. ANDY. KIMUIU. 

1986. Degradation of troponin and tropomyosin by cal- 

STRONG. R. D. 
1979. 1978-79 Pl'DF rUnded feasibility study to establish 

an ika-shibi fishety on Gum-Final Report. Pac. Tuna 
Dev. Found., May 1979. v u .  pag. 

SUCITA. H..S. LHNRA. K. KAMAKURA.H. NAKASE. K. HAGIWARA. 
I NONAKA. AND K. TOMOUTSU. 
1984. Ca-activated neutral protease in physiological and 

pathological conditions. In S. Ebashi, M. Endo, K. Ima- 
hori, S. Kakiuchi. and Y. Niahimka (editors). Calcium 
regulation in biological ryltems. p. 243-256. Acad. 
h. Tokyo. 

pain. Bull. Jpn. Soc. Sci. Fiah. 52:1673-1680. 

ISUlSAN SEKAll 
1977. How to eflietively kill turn  in order to maintain 

quality and higher prias. S u i m  Sekai 952- 
57. (Engl. t r a ~ l .  by T. Otru, 1978. 4 p.. h l :  No. 
25; available Southwest Fish. Cent. Honolulu Lab., 
Natl. Mar. Fish. Sew.. NOM, Honolulu, HI 96822- 
2396). 

SUZUKI. K.. S. K A W r W l h U .  AND K. INAHORI. 
1984. Structure and function of Ca2+-activated 

protease. In  S. Ebuhi, M. Endo. K. Imahori, S. Kaki- 
uchi. and Y. N i . h h k .  (editors). Calcium regulation in 
biological system. p. 219-226. A d .  h, Tokyo. 

TOYOOKA. T. 
1982. Phosphorylation with cyclic adenaine 9':s 

monophonphatcdcpcndent protein k i n w  rcnders bovine 
cardiac troponin rnritiw to the degradation by ulcium- 
activated neutral proteuc. Bioehcm. Biophys. Res. 
Commun. 107:44-50. 

WILLIAMS, S. C. 
1986. Marketing tuna in Japan. Queerul. Fish. I d .  

Train. Comm.. Brishnc, Quanl.. Aust.. 60 p. 
YUEN. H. S. H. 

1979. A night handline fishery for t u r n  in 
Hawaii. Mu .  Fish. Rev. 41(8):7-14. 

&ECE. M. G.. K. KATOH. R M. ROB3ON. AND F. C. PARRISH. JR 
19860. Etr& oC athepain D on bovine mydibrils under 

dinerent conditiona OrpH and temprmtwe. J. Food S i .  

ZEECE. M. C., R. M. ROBSON. M. L LUSBY. AND F. C. PARRCIH. JR. 
l a b .  Eflect of alaum activated pmteuc (CAF) on 

bovine myofibrils under diflirsnt m n d i t i m  of pH and 
temperature. J. Food Sci. 61:797-809. 

51:769-772.780. 

372 




